Introduction
============

Bacterial spores are the largest hurdle for perishable food preservation due to their extreme resistance to processing steps. Conventionally, food industries apply intensive decontamination processing steps (e.g., thermal preservation) alone or in combination with water activity and pH reduction to control bacterial spores. However, currently, consumers prefer to have fresh-looking and minimally processed food products that are safe and additive-free ([@B21]). Therefore, food industries and scientists have been continuously searching for novel non-thermal decontamination processes that can ensure microbiological safety as well as better preserve the freshness and nutritional value of the food products. Among the emerging decontamination technologies, low energy electron beam (LEEB) treatment has proved to be an effective bacterial inactivation with a minimal influence on food quality ([@B55]; [@B26]; [@B13]; [@B3]; [@B29]). LEEB treatment was introduced into the food industry as a sterilization method for packaging material in 2012 ([@B12]) and recently entered into the spice and herb industries for decontamination purposes ([@B31]).

Electron beam (EB) is a novel non-thermal sterilization technology, which is noninvasive and chemical-free. EB is a particle-based ionizing radiation, similar to photon-based X-rays and gamma rays, and inactivates bacteria by generating electrons. Generated electrons ionize, leading to breakage of target molecules through direct and indirect effects. Direct effects are damages caused by energy transfer of electrons to the target molecules, while indirect effects are damages induced by free radicals generated in the reaction of electrons with, e.g., water molecules ([@B66]; [@B39]). The exact target of the EB and its inactivation mechanism are still unclear, but it is suggested to be DNA, as seen in other ionizing irradiation technologies ([@B46]; [@B42], [@B41]).

Depending on the kinetic energy of the electrons, an EB can be distinguished as either a high energy electron beam (HEEB; \>300 keV) or LEEB (≤300 keV) ([@B32]; [@B67]). The kinetic energy of the electrons and the density of the treated material determine the penetration depth. The higher the kinetic energy and the lower the density of the target are, the deeper the electrons can penetrate ([@B70]). The electrons with high kinetic energy can penetrate food products up to several cm, while the penetration depth of electrons with low kinetic energy is limited to a micrometer scale ([@B34]; [@B70]).

The emerging EB technology has some advantages over other ionizing irradiation technologies and conventional decontamination technologies, e.g., fumigation with chemicals and dry heat decontamination. Compared to radiation with gamma rays, EB technology does not use radioactive sources ([@B34]; [@B7]). While it takes gamma radiation minutes to hours to deliver a certain dose, EB can deliver the same dose in few seconds due to a higher dose rate ([@B65]; [@B16]). Moreover, since the electrons are generated electronically, EB can be tuned for the desired intensity and can be switched on or off instantly, which increases the control and flexibility of the application of this technology ([@B70]; [@B32]). Moreover, on top of these features, LEEB has shown some advantages in comparison to HEEB. LEEB technology deposits electron energy close to the surface where microorganisms are present, resulting in a higher efficiency for surface decontamination ([@B70]). Since the energy deposits are close to the surface, the product-process interactions occur mainly on the surface, resulting in less impact on food quality ([@B24]; [@B13]; [@B36]). For example, research suggested LEEB can achieve microbial decontamination without inducing much starch degradation ([@B26]) or influencing seed germination ([@B69]; [@B16]). Furthermore, with its compact size and a minimal need for shielding, LEEB technology is scalable to continuous processes and can be easily implemented in existing processing lines ([@B9]; [@B24]; [@B10]).

Despite all the advantages mentioned above, LEEB is not yet widely applied in the food industry as a decontamination technology. One of the reasons for that might be the lack of consumer acceptance for irradiated foods ([@B59]; [@B20]; [@B35]; [@B19]). Part of the consumer resistance is due to lack of information and understanding of food irradiation or wrongly associating irradiated food with radioactive food ([@B40]). In some cases, the consumers are concerned about the possible side effects of inductive radiation on irradiated food products and the use of radioactive energy ([@B58]; [@B13]). However, consumer resistance toward this novel decontamination technology appears to be decreasing as consumers and food industries recognize that irradiation can be an effective alternative to chemical additives to preserve foods ([@B44]; [@B14]; [@B57]). Moreover, studies showed that consumer acceptance toward irradiated foods can be further improved by consumer education ([@B14]; [@B45]).

The other reason for its limited application in food industry so far could be that compared to other well-studied irradiation technologies such as gamma irradiation, only a limited amount of studies support the use of LEEB treatment as an efficient decontamination technology ([@B13]; [@B67]; [@B16]). Most of the present LEEB studies are on specific foods, focusing on naturally presented microbial flora and often using different treatment setups ([@B24]; [@B56]). Moreover, the inactivation efficiency was often reported as a reduction of microbial load instead of *D*-values (the radiation dose required for one log~10~ reduction at a given energy level), and often, the absorbed dose was not measured ([@B24]; [@B25]; [@B56]). These reasons make it difficult to compare the inactivation efficiency of LEEB technology between different LEEB studies ([@B26]; [@B4]; [@B30]), and to that of other conventional spore inactivation technologies, making it more challenging to validate this emerging technology.

Moreover, the efficiency and mechanism of LEEB on bacterial spore inactivation are rarely studied ([@B18]). Therefore, more research must be performed for this technology to be utilized as a decontamination step. Bacterial spores are generally more resistant to irradiation treatment than vegetative cells, yeasts, and molds ([@B72]; [@B13]; [@B62], [@B60]). For example, [@B68] confirmed that *B. cereus* spores have a higher irradiation resistance than that of vegetative cells, and [@B72] showed that spores have significantly higher *D*-values than those of most vegetative bacteria, based on a total 539 *D*-values from 38 irradiation studies. A few vegetative bacteria have similar or higher irradiation resistance than that of bacterial spores (e.g., *Deinococcus radiodurans*), but those species are less relevant in the food industry and are not pathogenic.

In this study, we evaluated the spore inactivation efficiency of LEEB by determining the *D*-values for relevant *Geobacillus* and *Bacillus* species, calculated from the linear regression of log~10~ reduction against absorbed dose of the spore sample. The potential spore LEEB resistance influencing factors, including spore species, sporulation conditions and treatment kinetic energy, were also investigated. Additionally, the possible mechanism of spore inactivation by LEEB treatment was also investigated by using a mutant lacking α/β-type small, acid-soluble spore proteins (SASP), the major protection of spore DNA against damage ([@B61]; [@B42], [@B43]).This study provided a comparison of LEEB spore inactivation efficiency with other published ionizing radiation decontamination data and gave additional information on the potential target of LEEB technology that induces spore inactivation. This will support the validation and application of the novel LEEB decontamination technology and help in the future delivery of safe, minimally processed and additive-free food products.

Materials and Methods {#s1}
=====================

Bacterial Strains, Sporulation and Sample Preparation
-----------------------------------------------------

In total, three bacterial species and one *B. subtilis* mutant were used in this study. This included *Geobacillus stearothermophilus* ATCC 7953, the biological indicator for the wet-heat sterilization process; *B. pumilus* DSM 492, the biological indicator for the irradiation sterilization process ([@B54]); *B. subtilis* wild-type PS 832, a model strain frequently used in spore research and its isogenic mutant *B. subtilis* PS 578 (termed as α^-^β^-^) that lacks the genes encoding the two major α/β-type small acid-soluble spore proteins ([@B47]; [@B15]).

*Bacillus subtilis* PS 832 and PS 578 were kindly provided by Dr. Peter Setlow and Dr. Barbara Setlow. *B. pumilus* DSM 492 was obtained from DSMZ (German Collection of Microorganisms and Cell Cultures GmbH). Spores of *G. stearothermophilus* ATCC 7953 were obtained as a commercial spore suspension from MesaLabs (France). Except for *G. stearothermophilus* ATCC 7953, all the others were sporulated at 30°C using modified Difco sporulation media (mDSM) agar plates, with nutrient broth pH 6.9 and without NaCl, from Sigma-Aldrich (Sigma-Aldrich, United States) instead of Difco, and the pH was adjusted to 7.2 ([@B48]). *B. subtilis* PS 832 was also sporulated at 37°C on mDSM and 2 × SG, a modified Schaeffer's medium described previously ([@B38]) to investigate the influence of the sporulation conditions on spore resistance toward LEEB treatment. Sporulation cultures were checked with a phase-contrast microscope (Leica, Germany) to estimate the percentages of dormant spores (phase-bright). Spores were harvested when the phase-bright spore percentage was \>98%. Harvesting was performed by adding H~2~O (4°C) to the surface of the cultivation plates and suspending the overgrown colonies containing spores with sterile spreading sticks. The suspension was then transferred to a 50 ml centrifuge tube and washed with H~2~O (4°C) to remove the remaining vegetative cells, cell debris, and germinated spores. Spore stocks were stored in H~2~O at 4°C until usage.

A volume of 1 ml of spore suspension (around 10^9^ spores/ml; except for *G. stearothermophilus* ATCC 7953 which had an inoculation concentration of around 10^6^ spores/ml) was carefully dropped and spread on the upper surface of an autoclaved sterile microscope glass slide (Thermo Fisher Scientific, United States) that laid on a petri dish. The spore suspension stayed on the surface, and all slides were air-dried in a biosafety bench at room temperature. Afterward, the samples were stored and transported for treatment.

Low Energy Electron Beam Treatment and Recovery
-----------------------------------------------

Samples were treated in the petri dish without a lid using a LEEB system EBLab-200 (Comet Group, Switzerland) at energy levels of 200 and 80 keV. The schematic of a LEEB lamp can be found elsewhere ([@B29]). Samples were either run through the machine without the electron source being turned on (0 kGy) or at nominal doses of 4, 5, 6, and 7 kGy. Due to the limited stability of the EB lamp at low electric current, treatment at lower doses was not performed. The distance between the emission window to samples was approximately 18 mm. Samples were treated under a N~2~ atmosphere (residual O~2~ \< 210 ppm). All treatments were conducted at room temperature (approximately 23°C). Three independent samples were treated at each dose (results were calculated based on absorbed dose shown in Table [1](#T1){ref-type="table"}) for all investigated spore strains.

###### 

Absorbed dose of spore samples at 80 and 200 keV.

  Nominal dose (kGy)               4            5            6            7
  -------------------------------- ------------ ------------ ------------ ------------
  Absorbed dose at 80 keV (kGy)    3.8 ± 0.39   4.7 ± 0.64   6.6 ± 0.94   8.2 ± 0.86
  Absorbed dose at 200 keV (kGy)   6.0 ± 0.28   7.0 ± 0.58   8.2 ± 0.62   9.8 ± 0.85
                                                                          

After samples were treated with LEEB, recovery was performed to enumerate cultivable survivors. Treated samples on microscope slides were put into 50 ml falcon tubes filled with 20 ml of 10 mM phosphate buffered saline (PBS, VWR International, United States) containing 0.04% Tween 80 (Sigma-Aldrich, United States). After vigorous shaking for 4 min, microscope slides were removed using flame-sterilized tweezers. The solution, which contained spores that washed off from the glass slides, was plated in triplicates onto tryptic soy agar (TSA, Sigma-Aldrich, United States) plates at appropriate dilutions. Plates were incubated at 37°C for *B. subtilis* and *B. pumilus* and 55°C for *G. stearothermophilus*. After incubation, the colony forming units (CFU) were counted. To derive the *D*-values reflecting the inactivation efficiency, spore survival fraction (N/N~0~) was plotted against the absorbed dose on a semi-logarithmic scale. Regression analysis was performed using Origin 9.1 (OriginLab Corporation, United States). The *D*-values were calculated from the slope of the linear regression of log~10~ reduction against absorbed dose according to equation (1). An average *D*-value (*n* = 3) was calculated for each strain. Differences between datasets were analyzed with Excel 2016 (Microsoft, United States), using two-tailed *t*-test with equal variance and a significance level of 0.05.
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Herein *m* is the slope of linear regression of log~10~ (N/N~0~) against absorbed dose.

Dosimetry
---------

The routine dosimeters used in this study were Risø B3-12 films (Risø High Dose Reference Laboratory, Denmark), which are 18 μm thick. The films were taped on microscope slides, placed in petri dishes and treated under the same conditions as the samples. The surface dose at each nominal dose used in this study was measured with three films placed at the same location as the samples with three replicate treatments. In total, nine films for each setting were irradiated and analyzed. Since electrons with low kinetic energy can be absorbed over a few micrometers, a dose gradient is created across the thickness of the Risø B3-12 dosimeter films that were used for dose measurement ([@B67]). The measured doses using Risø B3-12 dosimeter films were corrected to *D*~μ~, which is the absorbed dose in the first micrometer of the absorbing medium ([@B28]). *D*~μ~-values were evaluated using Risøscan software with a calibration, which was obtained with the help of the Risø High Dose Reference Laboratory (HDRL, Denmark) for each applied energy level (80 and 200 keV) ([@B27]). This calibration ensured that the reported doses from the low energy electron irradiations had measurement traceability to national standards ([@B28]). The overall estimated uncertainty at *k* = 2 (a coverage factor *k* = 2 is close to a 95% confidence interval) of one dose measurement is around 10.6%. The overall uncertainty covers the uncertainty associated with calibration with alanine dosimeters, measurement of alanine dosimeter and *D*~μ~ determination.

In our situation, the spore samples were 1--2 μm thick, while the Risø B3-12 films, which is the thinnest standard dosimeter, are 18 μm thick. Therefore, the spore layer sits directly on the glass slide that served as a sample holder on the bottom, while the first micrometer of Risø B3-12 dosimeter are not directly in contact with the glass slide. Since a glass slide gives a stronger backscatter compared to the dosimeter, the spore samples were actually getting higher doses than *D*~μ~ that is measured by the dosimeter. Therefore, further simulations were done by the Risø High Dose Reference Laboratory (Denmark) concerning the effect of backscatter from different materials at different energy levels. Correction factors were obtained for the backscatter from the glass slide and from the dosimeter based on the simulation output. The measured *D*~μ~-values were further corrected to the absorbed dose of the spore samples based on the correction factors.

Results
=======

Absorbed Dose of Spore Samples
------------------------------

Accurate dosimetry is essential for acquiring exact results, so the minimum and maximum measured doses were included when reporting EB inactivation experiments ([@B52]). Acquiring accurate surface doses for the low-energy range (e.g., 80 keV) was challenging due to the dose gradients within the treated dosimeter films. In this study, depth-dose distribution was established, and the surface dose *D*~μ~ was obtained using Risøscan software, calculated from measured apparent dose *D*~app~ ([@B28]). The absorbed doses for our spore samples were corrected based on the surface dose *D*~μ~ and simulation output as described in Section "Dosimetry." The absorbed doses of the spore samples at each nominal doses are shown in Table [1](#T1){ref-type="table"}.

Spore Inactivation
------------------

To investigate the spore inactivation efficiency by LEEB treatment and its influencing factors, spores obtained from different species and sporulation conditions were treated with LEEB at different kinetic energy levels, and their *D*-values were calculated and compared.

### Kinetics

The regression analysis indicates a linear relationship between log~10~ reduction and absorbed dose used in this study for all species tested. The inactivation curves of different wildtype strains exhibited *R*^2^ \> 0.95. The mutant PS 578 showed lower resistance to LEEB and when treated at 9.8 kGy (200 keV), the survivors were below detection limit. Therefore, only four data points were obtained under this condition and the *R*^2^ is higher than 0.95. All inactivation curves are shown in Figure [1](#F1){ref-type="fig"}.

![Kinetics of low energy electron beam spore inactivation. **(A)** *Geobacillus stearothermophilus* ATCC 7953, commercial spore suspension; **(B)** *Bacillus pumilus* DSM 492, sporulated on mDSM, 30°C; **(C)**: *B. subtilis* PS 832, sporulated on mDSM, 30°C; **(D)** *B. subtilis* PS 832, sporulated on mDSM, 37°C; **(E)** *B. subtilis* PS 832, sporulated on 2 × SG, 37°C; **(F)** *B. subtilis* PS 578 (α^-^β^-^ mutant), sporulated on mDSM, 30°C. Data are average ± standard deviation.](fmicb-09-02720-g001){#F1}

### Efficiency and Influencing Factors

The *D*-values obtained from this study for the wildtype strains varied from 2.2 -- 3.0 kGy at 80 keV and 2.2 -- 3.1 kGy at 200 keV. Different bacterial species showed diverse resistance toward LEEB treatment and the sporulation conditions, and the treatment energy levels showed influences on the spore inactivation efficiency. The spore resistance, expressed as *D*-values, is shown in Table [2](#T2){ref-type="table"}. *B. subtilis* sporulated at 30°C on mDSM showed the lowest resistance toward LEEB treatment, with *D*-values of 2.2 kGy at 80 and 200 keV. Interestingly, *B. pumilus* DSM 492, which is suggested to be the biological indicator for irradiation sterilization, did not show higher resistance in most cases: it had lower resistance than that of *G. stearothermophilus* ATCC 7953, especially at the energy level of 200 keV, and it was less resistant than *B. subtilis* sporulated at 37°C on mDSM as well as on 2 × SG.

###### 

*D*-values of spore inactivation under low energy electron beam treatment.

                                       *D*~80keV~ (kGy)   *D*~200keV~ (kGy)
  ------------------------------------ ------------------ -------------------
  *G. stearothermophilus* ATCC 7953    3.0 ± 0.03^a∗^     3.1 ± 0.05^e∗^
  *B. pumilus* DSM 492, mDSM, 30°C     2.6 ± 0.00^b∗^     2.3 ± 0.02^f∗^
  *B. subtilis* PS 832, mDSM, 30°C     2.2 ± 0.01^c^      2.2 ± 0.02^g^
  *B. subtilis* PS 832, mDSM, 37°C     3.0 ± 0.07^a∗^     2.5 ± 0.03^h∗^
  *B. subtilis* PS 832, 2 × SG, 37°C   2.9 ± 0.08^a^      2.9 ± 0.06^i^
  *B. subtilis* PS 578, mDSM, 30°C     1.3 ± 0.07^d^      1.3 ± 0.02^j^
                                                          

G. stearothermophilus ATCC 7953 was obtained as a commercial spore suspension. Different lower case letters indicate statistically significant differences within the same column (

p

\< 0.05).

∗

indicate statistically significant different within the same row (

p

\< 0.05).

From Table [2](#T2){ref-type="table"}, it was observed that *B. subtilis* PS 832 spores sporulated at the higher temperature had higher resistance to LEEB treatment at both energy levels. The *D*-values for spores that were sporulated at 37°C were approximately 0.3 kGy (200 keV) and 0.8 kGy (80 keV) higher than those sporulated at 30°C, even though both sets were sporulated on mDSM agar plates. At the same time, the nutrient richness of the sporulation media also showed influences on spore resistance to LEEB, as the spores sporulated on 2 × SG had higher resistance than that of the ones sporulated on mDSM when treated at 200 keV. The mutant *B. subtilis* PS 578 showed the smallest *D*-value, meaning it was much more sensitive to LEEB treatment than the other strains tested. The results obtained in this study suggest that in some cases there were no significant differences (*p* \> 0.05) between LEEB treatment under 80 and 200 keV. Although for some samples, D~80*keV*~ is significantly different compared to D~200*keV*~, there was not a clear trend. For *G. stearothermophilus*, the *D*-values were slightly but statistically significantly (*p* = 0.01) lower at 80 keV compared to at 200 keV, with an average *D*-value of 3.0 kGy at 80 keV compared to 3.1 kGy at 200 keV. For *B. subtilis* PS 832 spores sporulated on mDSM, 37°C, the *D*-value at 200 keV was 0.5 kGy lower than at 80 keV, while for *B. pumilus* DSM 492, the *D*-value at 200 keV was 0.3 kGy lower than at 80 keV (in both cases, *p* \< 0.01). These results should be taken with caution, as due to the lack of accurate dose measurement techniques at 1--2 μm layers, it is not possible to determinate accurately what the absorbed doses are. A more accurate dose assessment method might have an impact on the *D*-values.

Discussion
==========

Spore Inactivation Kinetics and Efficiency
------------------------------------------

Linear spore inactivation kinetics ranging from 3.8 -- 8.2 kGy at 80 keV and 6.0 -- 9.8 kGy at 200 keV for different species were revealed in this study. Due to the limited stability of the EB lamp at low electric current, spore inactivation at lower doses was not investigated, and therefore, the possibility of a potential nonlinear log~10~ behavior at the range of lower doses cannot be excluded. Nevertheless, the linear inactivation found in the dose range used is in accordance with previous reports on LEEB inactivation of *B. pumilus* spores ([@B67]). The linear inactivation kinetics were also revealed in spore inactivation research of HEEB. For example, [@B18] reported a linear inactivation curve for *B. atrophaeus* treated at 5 MeV. However, nonlinear spore inactivation curves by HEEB were also reported in previous studies. For example, a nonlinear log~10~ inactivation curve with a shoulder formation was found for specific strains ([@B33]) and for *B. subtilis* spores that were sporulated in plate count agar ([@B13]).

The *D*-values of the investigated wildtype strains in this study were in the range of 2.2 -- 3.0 kGy at 80 keV and 2.2 -- 3.1 kGy at 200 keV. These *D*-values were slightly higher compared to other LEEB studies ([@B70]; [@B67]). For example, the *D*-value for *B. pumilus* at 80 keV derived from this study was 2.6 kGy, while in the study by [@B67] the *D*-value was 1.58 kGy, and by [@B70], was 1.34 kGy. However, those differences in *D*-values could be due to different sample preparation methods, treatment conditions (e.g., at ambient atmosphere or N~2~ atmosphere) and recovery methods. For example, in the study of [@B70], spores were inoculated on Al and Ti coupons, while in our study, spores were inoculated on glass slides. Moreover, the recovery solution and incubation temperature were also different.

The *D*-values obtained in this study are comparable to those reported for HEEB ([@B33]; [@B13]). This is consistent to previous research ([@B67]; [@B22]). For example, [@B22] described that under the treatment conditions applied, HEEB and LEEB treatments have a comparable efficiency in lowering the bacterial load of the food products investigated. Moreover, [@B67] reported the response of *B. pumilus* spores found to be the same when treated with HEEB and LEEB. On the other hand, another study revealed that the *D*-values for *B. pumilus, B. subtilis*, and *B. megaterium* were slightly lower at LEEB treatment compared to HEEB, with *D*-values at 10 MeV were 2.12, 2.05, and 4.11 kGy, respectively, and at 100 keV were 1.34, 1.01, and 3.46 kGy ([@B70]).

In some studies, the inactivation efficiency of EB was similar to that of other ionization radiation types ([@B51]; [@B33]; [@B71]; [@B13]; [@B67]; [@B18]). For example, [@B51] reported that the radiation sensitivity was almost equivalent when treated with gamma rays, X-rays, or EB, and the *D*-values obtained were 1.5 -- 1.6 kGy for *B. pumilus* and 1.4 -- 1.5 kGy for *B. subtilis*. The *D*-values obtained in our study are higher than those found by [@B51]. They are also slightly higher than the estimated average *D*-values concluded by [@B72] for spores under irradiation treatment. In their study, the estimated *D*-value for spores treated with various irradiation processes was approximately 2.11 kGy, excluding some exceptions and specific conditions. However, as also stressed in their study, comparison of *D*-values from different projects should be acknowledged with care, since often the irradiation source is not the only influencing factor. In this study, spore species and sporulation conditions were also shown to affect spore inactivation efficiency of LEEB technology.

Influencing Factors on Spore Inactivation Efficiency of LEEB
------------------------------------------------------------

### Spore Species

From our results, it can be seen that spores of *B. subtilis* and *B. pumilus* sporulated on mDSM, 30°C and *G. stearothermophilus* showed significant differences (*p* \< 0.05) in their resistance to LEEB treatments (Table [2](#T2){ref-type="table"}). This observation is consistent with other ionizing radiations, which revealed that spores of different species or even different strains showed different resistances ([@B1]; [@B33]; [@B44]; [@B72]). For example, previous research revealed that pathogenic *B. cereus* was more resistant than *B. subtilis* ([@B13]). Therefore, for specific food applications, process parameters should be adjusted for relevant contamination microbiota to ensure sufficient inactivation.

Our study also revealed that the *D*-values of *G. stearothermophilus* ATCC 7953 were significantly higher (*p* \< 0.01) than *B. pumilus* DSM 492, which is suggested to be the biological indicator for irradiation-based sterilization. The great resistance of *G. stearothermophilus* was also reported for other irradiation sources ([@B2]; [@B8]; [@B23]; [@B55]; [@B72]). For example, previous research revealed that *G. stearothermophilus* had greater gamma irradiation resistance than that of *Bacillus* species (e.g., *B. subtilis, B. megaterium*, and *B. cereus*) ([@B8]; [@B23]). Therefore, *G. stearothermophilus* might be more suitable as a biological indicator for LEEB treatment than *B. pumilus*. If using *G. stearothermophilus* ATCC 7953 spores as an indicator for radiation doses at 10 kGy, which is recommended as the maximum applicable dose to food ([@B17]), more than 3 log~10~ reduction can be achieved by using LEEB technology with the *D*-value obtained in this study. However, when applying to real food matrices, the spore inactivation efficiency of LEEB might be different, as the matrices might affect it. For example, the location of spores in food matrices, the water content, and the nutrient profile of the food matrices can influence the inactivation efficiency. On the other hand, the use of *B. megaterium* spores as a biological indicator should also be considered, since they displayed an even higher resistance toward LEEB than that of *G. stearothermophilus* in some studies ([@B51]; [@B53]).

### Sporulation Conditions

It was found that the sporulation conditions also influence the inactivation of LEEB, with the higher sporulation temperature leading to increased spore resistance. This result could be because increased sporulation temperature lowers the spore core water content, leading to less indirect damage from hydroxyl radicals formed during irradiation ([@B5]; [@B42]). Moreover, the sporulation media also played a role in spore resistance toward LEEB treatment, as the more nutrients (2 × SG) that were in the sporulation media, the more resistant the spores were toward the treatment. Sporulation media also showed an influence on spore inactivation by HEEB technology. For example, *B. subtilis* spores sporulated on plate count agar had a *D*-value of approximately 3.6 kGy, while when sporulated on nutrient agar, the *D*-value was approximately 1.5 kGy ([@B13]). However, the nutrient richness of plate count agar and nutrient agar is comparable, so it might be the salt content in the media that influenced the spore resistance. Moreover, in their study, the inactivation kinetics for the spores that sporulated in these two different media were different. When sporulated on nutrient agar plates, the inactivation curve was linear, while with plate count agar, the inactivation curve appeared biphasic. This might also influenced their *D*-value evaluation. In our case, at the evaluated dose range (3.8 -- 8.2 kGy at 80 keV and 6.0 -- 9.8 kGy at 200 keV), although the resistance was different, the inactivation curves were all log~10~ linear. However, the possibility of a potential biphasic behavior out of the evaluated dose range cannot be excluded. Nevertheless, these influences mean that the physiological status of microorganisms should also be considered when evaluating the effectiveness of new decontamination technologies such as LEEB.

### Kinetic Energy

Within the current limitations on dosimetry and the impact this might have on *D*-value calculations, our results showed that the kinetic energy level does not influence significantly the spore resistance for half of the investigated samples. No clear trend was found for the other half of samples, as 80 keV lead to a higher inactivation efficiency for *G. stearothermophilus*, while 200 keV lead to higher inactivation efficiencies for *B. pumilus* (mDSM, 30°C) and *B. subtilis* (mDSM, 37°C). Different theories concerning the influence of energy level of electrons on inactivation efficiency were proposed by previous studies ([@B49]; [@B70]; [@B50]; [@B37]; [@B6]). A previous research stated that the inactivation is due to DNA bond-breakage, and these bond energies are approximately a few eV, which is considerably less than the energies of the irradiating electrons. Therefore, it should be the absorbed dose, instead of the energy of individual electrons, that determines the level of spore damage ([@B70]). Some other studies proposed that low-energy electrons lead to higher linear energy transfer, which is the amount of energy of an ionizing particle transferred to the biomolecule per unit distance, that in turn increases the relative biological effectiveness ([@B49]; [@B50]; [@B37]; [@B6]).

### Other Influencing Factors

Food matrices might also influence the spore inactivation efficiency of LEEB technology. In our study, 9 kGy at 80 keV and 200 keV could induce approximately 3 -- 4 log~10~ reduction of different spore species on glass slides, while previous research revealed that approximately 9 kGy only induced around 2 log~10~ reduction of microorganisms present on soybeans ([@B36]). Previous studies also revealed a great difference in spore resistance, depending on the kind of media on which spores were irradiated ([@B64]). In addition, the presence of O~2~ during the treatment was suggested to influence the inactivation efficiency as well ([@B33]; [@B18]). For example, the *D*-value of *B. megaterium* spores was increased from 1.8 to 5.1 kGy when they were vacuum-sealed under treatment ([@B33]). This could also be one of the reasons that the *D*-values in this study are slightly lower than some reported *D*-values from literature.

In summary, all these influencing factors should be taken into consideration when evaluating *D*-values. The *D*-values obtained from a model system might give a general information on the resistances of tested microorganisms toward LEEB treatment, but they might change their resistance significantly due to different sporulation and treatment conditions. Moreover, a more accurate dosimetry methodology should be developed for measurement of surface dose as this has a direct impact on the estimation of *D*-values. Therefore, it is very important to validate this novel LEEB technology for specific applications with the right dosimetry.

DNA as One of the Targets for LEEB Spore Inactivation
-----------------------------------------------------

From the results, we can observe the mutant that lacking SASP, which is the major protection of spore DNA, showed significant lower resistance than that of their isogenic wildtype (*p* \< 0.01). This observation indicates that DNA is one of the targets of LEEB spore inactivation, which is similar to the findings using HEEB treatment ([@B18]). In [@B18], they also found structural damage of the spore inner membrane and coat, in addition to DNA fragmentation, when *B. atrophaeus* spores were treated with HEEB at 5 MeV, and all of these changes correlated with the applied dose. This finding indicates that DNA is not the only target for HEEB spore inactivation, and whether this is also the case for LEEB requires additional investigation. Moreover, other studies revealed that the mutant lacking SASP also showed increased sensitivity to other ionizing irradiations (e.g., X-ray and high-energy charged iron ions); however, it seems that the lack of SASP does not affect spores' resistance to gamma radiation ([@B46]; [@B62], [@B63]; [@B42], [@B41]).

Conclusion and Recommendation
=============================

This study quantified the spore inactivation efficiency of LEEB treatment by evaluating the *D*-values for relevant species. The inactivation efficiency of LEEB technology is in a comparable range to that of the other ionizing irradiation technologies. However, the comparison between different studies should be taken with care, as disclosed in this study that several factors, including spore species and sporulation media can influence the spore inactivation efficiency of LEEB. This result indicates that for the application of this emerging technology, special attention should be paid to the choice of biological indicator, physiological state of the indicator, dosimetry, and the processing settings. Moreover, the highly efficient surface decontamination of LEEB treatment comes with a low penetration depth, which means the location of the food contaminants should also be carefully considered. The *B. subtilis* mutant experiments also revealed that one of the spore inactivation mechanisms of LEEB technology is to cause DNA damage. Future research on investigation of the nature and level of DNA damages and other damages induced by LEEB, as well as how can spores overcome the damages should be conducted to understand the inactivation mechanism of LEEB.

In general, high spore inactivation efficiency supports the application of LEEB technology for the purpose of food surface decontamination (e.g., for spices or sprouting seeds). Due to the environmental, logistical, and economic advantages of LEEB treatment, it would be a more practical alternative to other irradiation technologies for surface decontamination and could help deliver safe, minimally processed and additive-free food products.
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